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Abstract 
In the framework in which supersymmetry is used for understanding fermion masses rather than 
stabilizing the electroweak scale, we elaborate on the phenomenological analysis for the neutrino 
physics. A relatively large sin 013 ~ 0.13 is naturally obtained. The model further predicts vanish- 
ingly small CP violation in neutrino oscillations. While the high scale supersymmetry generically 
results in a Higgs mass of about 141 GeV, our model reduces this mass to 126 GeV via introducing 
SU(2)z triplet fields which make the electroweak vacuum metastable (with a safe lifetime) and also 


contribute to neutrino masses. 
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I. INTRODUCTION 


Nowadays the particle physics is at a crucial stage. Experiments have been pushing the 
energy, up to which the standard model (SM) is still valid, higher and higher. In such a 
situation, neutrino experiments deserve more and more attention. Recently Daya Bay 
and RENO |2] experiments have established the fact that 613 is relatively large. Such a result 
was indicated earlier in T2K [3], MINOS |4| and Double Chooz |5| experiments, as well as 
in the global fitting |6]. This relatively large 6:3 has important implications on theories 
relevant to the flavor puzzle. 

On the theory side, the SM still has problems, like how to understand the Higgs mass? If 
the flavor puzzle can be understood? Lacking of new physics signals, the electroweak (EW) 
scale may just have an anthropic origin jni The TeV scale supersymmetry (SUSY) is 
losing its motivation. Inspired by the simplicity and beauty of SUSY, one of the authors 
(Liu) proposed to use SUSY for understanding the flavor puzzle Ta In the model, a 
family symmetry is introduced, then only one generation of fermions acquires masses after 
EW symmetry breaking. That is right the third generation. It is SUSY that provides 
necessary features to break the family symmetry. For the lepton sector, once sneutrino 
fields get different vacuum expectation values (VEVs), the family symmetry is broken and 
the muon becomes massive. The electron obtains its mass only through loops due to soft 
SUSY breaking effects where the family symmetry explicitly breaks. To get neutrino masses 
small naturally, soft SUSY masses should be very large ~ (10'' — 10!°) GeV. The effective 
theory of this high scale SUSY breaking model at the TeV scale is just the SM. 

In this Letter, we emphasize on that a relatively large 6,3 is the right result of this 
high scale SUSY model. Furthermore, the model predicts vanishingly small CP violation 
in neutrino oscillations. In Ref. [10], an order 0.1 sin 4,3 was predicted roughly, and CP 
violation in the lepton sector was not discussed. We will elaborate the analysis on the 
phenomenology of neutrino oscillations with a better approximation. 

More importantly, the high scale SUSY generically predicts the SM Higgs mass to be 141 
GeV (for a large tan 8 as in our case) mi while recent LHC experiments have ruled out 
this mass, and discovered that the Higgs mass is 126 GeV . To reduce the Higgs mass 
from 141 GeV to about 126 GeV, we make use of an observation of Ref. , to modify the 
model by introducing SU(2); triplets at the high scale. They can change the Higgs quartic 


coupling at the high energy boundary to be even negative. They also contribute additionally 
to neutrino masses. 

In the next section, the basics of the original model is reviewed. Sect. III introduces 
in SU(2); triplets. Neutrino phenomenology is analyzed in Sect. IV. The Higgs mass is 


discussed in Sect. V. The summary and discussions are given in the final section. 


II. REVIEW 


Within the framework of SUSY, we introduce the Z3 cyclic family symmetry among the 
SU(2)r lepton doublets L; (i = 1,2,3) for three generations. All the other fields are trivial 
representations of this Z3. It is then convenient to discuss physics in terms of the following 


redefined fields, 


Le = — (Lı — Lo), (1) 
2 
1 

Ly = ve + Lə = 2L3) . 


Because L/ is invariant under the Z3, in general, it mixes with the down-type Higgs H». 
L.L,, is the only bilinear Z3 invariant combination of above fields, which is also an SU(2)z 


singlet. The Z; and gauge symmetric superpotential is expressed as follows 10 ; 
W D yr Hab, E$ + LeLp (à E$ + AEn) +uH,Ha, (2) 


where L, and H4 denote the physical 7 lepton doublet and the physical down-type Higgs, 
they are superpositions of L4 and Hə. E° stands for charged lepton singlets, H, the up-type 
Higgs, y- and A’s the couplings, and f a mass parameter. Consequently, the mass matrix 


for charged leptons has the following form when Higgs and sneutrinos get VEVs, 


0 Àp, ArVl, 
M' — 0 ApVle ÀU . (3) 
0 0 YrVd 
It can be seen that the 7 mass is related to the Higgs VEV and the muon mass to sneutrino 


VEVs. The electron mass is zero at_this stage, and will become finite only after that the 


SUSY breaking effect is considered |9, |10). 


Neutrinos are massive because the lepton number is violated. Sneutrino VEVs result in 


only one nonvanishing neutrino mass in this model, 


UleVle VIEVI, Vie VI, 


V __ 
Mi E Ms; Vl, Vle Ulp Vip UL, Ul, , (4) 
Z 


VL Vle Vip Ul, VV 
where a = J(g2 + 9?)/2, g and g’ are SM gauge coupling constants. A naturally small 
neutrino mass is obtained by taking the soft SUSY breaking scale Mz to be (10™ — 10") 
GeV. Note that trilinear R-parity violating terms in this model have negligible contribution 
to neutrino masses due to large sparticle masses. 

The low energy effective theory is just the SM. Our model is a high scale SUSY breaking 
one. In obtaining correct EW symmetry breaking, there is a Higgs doublet with its mass- 
squared finely tuned to be small (the EW scale) and negative. So it gets a non-vanishing 
EW scale VEV. In terms of our high scale fields, in general, the above SM Higgs doublet field 
corresponds to a mixture of scalar fields of H,, Ha, Le, L, and L, in the case of R-parity 
violation. It is equivalent to say that the scalar fields of H,, Ha, Le, L, and L, have VEVs. 
The relative sizes of the VEVs are determined by the relative sizes of soft parameters (By 
terms). 

Neutrino oscillation experiments reveal that there are at least two massive neutrinos. In 
order to provide realistic neutrino masses, a singlet superfield N was introduced in Ref. 
hoh. While the realistic lepton spectrum and mixing pattern can be obtained. However, the 
Higgs mass is still required to be 140 GeV which is in conflict with recent LHC results. 


III. SU(2), TRIPLETS 


Instead of singlet fields, SU(2)z triplet superfields T and T are introduced in this work. 
T and T have hypercharge 2 and —2, respectively, and their mass is about 10! GeV. 


The Z; invariant superpotential involving T and T fields is as follows, 


W D ALA? + MLL AT + {LiLo + LoLa + LaL }T (5) 
+A¥{HHo}T + A¥{HyHy}T + MrTT , 


where g” and \”’s are couplings. The braces denote that the two doublets form a SU(2)z 
triplet representation. The Lagrangian of the corresponding soft SUSY breaking terms 


4 


includes scalar masses and trilinear scalar interactions. 


In terms of the redefined fields in Eq.(1), the superpotential has the following form, 


Ways ee 6) 
+M{HyHa}T + 4{H,Hy}T + MrTT. 


Couplings are denoted without tildes in this flavor basis. In the above derivation, we have 


made use of the following observation, 
{LeLe + LaLa} x {L,L; = (LiL + LoLz + L3L,)} (7) 
and 
{LiL} = { LiLi + 2(Li Lo + LoL3 + L3L1)}. (8) 


In this basis, the Lagrangian of soft SUSY breaking terms is written as 
brane TT toe T Brui T + AMAT Hema} the. (©) 


where la denotes both sleptons le, l; L- and the Higgs l identical to ha. The soft masses 
are also taken to be typically about (10! — 10'%) GeV. 


Analyzing the scalar potential relevant to T and T fields, we see that T’s have VEVs 
z2 


T 
matrix. To be more accurate, 


~N 


Although being very small, the VEVs induce new terms to the neutrino mass 


wog 

waa AMU 

M x- |0% 0 |. (10) 
TE 


This part of neutrino mass generation is the so-called type-I] seesaw mechanism Ri For 
simplicity, we assume that A{ is negligibly small. This smallness can be understood by 
taking \Y ~ A% because AY ~ AY — X while A% ~ AY + XY. 

Consequently, the Majorana neutrino mass matrix has the following form, 


VUeVYle VleVl, Ule UL, 


V V V a 
M” = Mý + My = M Vip Vle Vip Vly UL, Vl, , (11) 
Z 


V Ule Vip Ul, Vl, Vi, F LVuVu 


Mz A2A4 


where x = . This matrix is of rank 2. It has the same form as that given in Ref. 


2 Mr 
where a singlet field was introduced. With such a neutrino mass matrix, we will give a 
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detailed analysis for neutrino oscillations, in particular for 6:3 and CP violation. In addition 
to generating neutrino masses, triplet fields will play a key role in reconciling high scale 


SUSY scenarios with the experimental result for the Higgs mass. 


IV. NEUTRINO MIXING AND CP VIOLATION 


Now we give a detailed analysis for phenomenological consequences about the neutrino 
physics. Experimental neutrino oscillation parameters are measured as follows Al La, 
Amz, = (7.5940.21)x10eV?, Am2, = (243840.13) x10~-eV? and sin? (2612) = 0.86175 25, 
sin?(2023) > 0.92, sin?(26;3) = 0.088 + 0.008. 

Looking at the neutrino mass matrix M”. We will consider the case that xv,v, >> vp ~ 
vi, ~ up. Because M” has only two nonvanishing eigenvalues, and it has two origins, such 
a case is reasonable. While v, which is Z3 invariant could be larger than vip in general, 
the largeness is a factor of 3 which is not considered in the analysis. This is different from 


the case of Ref. [10] where a somewhat unnatural cancellation between xv,,v,, and Up was 


required. As a result, a normal hierarchical neutrino mass pattern is obtained, 


Mı = 0, 
au Ul 
= 2 m 

a Ams ~ v. i , (12) 

9 Z 

7 QA LUuVu 
m3 = AMétm ~ Ms 
Z 


The matrix that diagonalizes M” has a simple form, 


r 1 Am? 
Vier? VIFT \ Amm 
Uy & =j r Am2, | ; (13) 
Vite Vite "Van, 
0 0 1 


v 

where r = =+ which should be O(1). Taking v, ~ 245 GeV, v ~ 20 GeV, Mz ~ 10” 
Ule 

GeV, and x œ 0.04, the experimental results of neutrino mass squared differences can be 

recovered. 


In the charged lepton mass matrix Eq. (8), we take that vg ~ Viou Yr ~ Àr ~ 0.1 and 


A, ~ 107°. The eigenvalues are, 


Me = 0, 
ae, 2 YrVd 
EOE N nn (14) 
Poa NR ET) 
m, © af YP, + Av (1 +r?). 


The matrix U, A which diagonalizes the mass squared matrix M'M", has the following form, 
1 =r 0 
U} x ais bik. hee (15) 


where we have just listed the matrix elements which are relevant for our purpose. 
Thus, the lepton mixing matrix UPMNS = UIU, 16] is obtained. It is parameterized in 


the following standard form, 
—id 
€12€13 $12C13 $13€ 


€23C13 


where ô is the Dirac CP violation phase, a and @ Majorana CP violation phases. In the 


case of mı = 0, the phase a is unphysical. Consequently, tan 012 = and sin 4,3 = 


2 2 
l-r Am 


Jl+r? Annies, 


this case, sin 013 ~ 0.13 which is very close to the value of 0.15 + 0.02 given by Daya Bay 


. With the experimental result of tan 012, r is determined to be 0.53. In 


experiment {1}. 
Finally, 623; can be obtained through the following equation, 


tan 623 = VTP eee (17) 


YrVd 


A large 693 is quite natural but there is no reason in this model to have 623 being exactly - 
Nevertheless even global fitting allows #23 being as low as 42° at the 1 ø level. 

Now, let us consider CP violation in the lepton sector. Looking at mass matrices 
and (LI), because of the family symmetry they are very special, all the matrix elements of 


the Dirac part can be real by redefining relevant fields. This can be seen in the following 


T 


way. Generally sneutrino VEVs are complex because they are determined by the scalar 
potential in which the soft masses are involved. In the charged lepton mass matrix, all the 
phases can be absorbed into fields of left-handed and right-handed charged leptons. In the 
neutrino mass matrix, if first we do not consider the x term, it is easy to see that the phases 
can be rotated out, namely after factorizing the Majorana phases out, the remaining part 
of the neutrino mass matrix is real. Then once the x term is added, it is noted that we 
always have the freedom to adjust its phase to be the same as that of vı vı, through a phase 
rotation of H, (and Ha) field(s). Hence the Dirac part of the neutrino mixing matrix is 
real, CP violation in neutrino oscillations vanishes in the symmetry limit. Things become 
complicated when the nonvanishing electron mass is counted. The electron mass is due to 
the following terms adding to the mass matrix (8) {91 [L0], 


a YrMsVa 


Ml, ~ 18 
aß T M3 ( ) 


with Mms being Yukawa soft masses where CP violating phases are expected to appear. 0M. as 
itself is a general 3 x 3 matrix, it is a perturbation to the mass matrix (8), thus the Dirac 
CP violation phase in the lepton sector is found as m./m,. For CP violation to be measured 
in neutrino oscillations, 


Pe Sat, 6 TAI (19) 
m, 


where J stands for the Jarlskog invariant Ri It is too small to be observed in current 
neutrino experiments. Finally, the effective Majorana neutrino mass Mee = >> UZMNS2m, 
which is to be measured in neutrinoless double 8 decays, is O(10~3) eV, its exact value still 
depends on a Majorana phase which does appear as we have seen from the above described 
procedure of phase rotation Lig) It should be mentioned that the discussion of CP violation 
is independent on numerical assumptions adopted in the neutrino mixing analysis. 

It is remarkable to compare the mixing matrix of the lepton sector with that of the 
quark sector which has been analyzed in detailed in Ref. ml For the case of quarks, a 
Z3 symmetry among the three generation quark doublets is still there. It is also the soft 
Yukawa trilinear interactions that lead to CP violation. However, the mass story is a bit 
different. The roles of sneutrino VEVs and loop effects are switched. Sneutrino VEVs give 
a mass to the first generation, whereas loop effects contribute masses to charm and strange 


quarks. And loop effects appear in both up- and down-type quark masses. Therefore, it is 


expected that the lepton mixing and the quark mixing are qualitatively different. The final 


expression of the CKM matrix is obtained in Eq. (35) of Ref. , in which we can see that 
small Va» and Væ, and a large Cabbibo angle are natural, furthermore, a large CP violation 


phase can be also naturally there. 


V. HIGGS MASS 


The real aim of introducing triplet fields T and T is for the Higgs mass. In the high scale 
SUSY scenario, the Higgs quartic coupling evolves from a very high SUSY breaking scale 
(say 101? GeV) with usual boundary condition Lg +g’) cos? 28 down to the EW scale 
in the same way as that in the SM. In the case of a large tan 8, the Higgs mass of (141 + 2) 
GeV was predicted ld. Because of sneutrino VEVs, the value will have a 1% decrease. 
Such a mass has been ruled out by recent results of ATLAS and CMS which show that the 
Higgs mass is about 126 GeV To reduce the Higgs mass from 140 GeV to about 126 
GeV or so, we make use of an observation of Giudice and Strumia that triplet fields can 
change the boundary condition of the Higgs quartic coupling by a considerable amount in 
the case of a large tan 8 [13]. 

In Eq. (6), after integrating out the triplet fields, we get a new contribution to the 
boundary condition of the Higgs quartic coupling. The interaction of Ay plays the main 
role, because its correction to the Higgs quartic coupling is proportional to sinf 8 which is 
significant in the large tan 6 case, 

7 M7 (m} — 2ABr) + A’ må 


Ad œ à sint 8 |1 
nee Ma2mg? — BEM?F 


(20) 


where 
ma = mp+ Mz, mg” = m$ + MÌ. (21) 


2 


<4, the above equation becomes Aà ~ 


With the assumption that M2 is much larger than m 
ry? sint B 
M7 
Nim 


1 
[m4 — (By —A)*]. Obviously, this contribution is comparable to nC +g”) cos? 28 


when 


7 ~ A We note that this is consistent with our numerical choice for x in the 
last section, if A% ~ 0.04. Moreover, AA is possible to become negative in some parameter 
space so that it cancels S(p +g *) cos” 28 and even makes the boundary condition negative. 
With appropriate negative quartic coupling (about —0.02 as shown in |20]) at the high 
scale, a Higgs mass of about 126 GeV compatible with the recent experimental results can 


be obtained. 


A negative Higgs quartic coupling constant at ~ 10'2 GeV implies the instability of the 
SM vacuum. Note that at even higher energies, SUSY restores, the Higgs quartic coupling 
then becomes positive. Therefore, the true vacuum is at about 10!2 GeV. This negative 
value of the coupling at the high scale remains in the safe region where the life-time of the 


SM vacuum due to quantum tunneling is longer than the age of the Universe ld f 


VI. SUMMARY 


In conclusion, we have discussed the neutrino phenomenology in the framework which uses 


SUSY to account for the fermion mass hierarchy problem. One natural result of this model is 


that sin 613 is about 0.7 1 ~ 0.13, just consistent with experiments. Furthermore, it 
has been predicted that the CP violation effect in neutrino oscillations is vanishingly small. 
Besides, the neutrino masses possess the normal hierarchy; 623 is not necessarily 45°. These 
can be checked in future experiments. 

The SUSY breaking scale is necessarily high in order to get neutrino masses small natu- 
rally. For reducing the high scale SUSY predicted Higgs mass, we have introduced SU(2)z 
triplet fields. They make the Higgs quartic coupling negative at the high scale. Our universe 
with the EW scale ~ 100 GeV is metastable, and the true vacuum is at ~ 101? GeV. Because 
the vacuum energy in our current universe is tiny positive, it is natural to guess that the 
true vacuum has a large negative cosmological constant. 

A special form of the neutrino mass matrix Eq. has been adopted in our analysis. 
While this is a reasonable assumption in the case of triplet fields, it can be made accurate 
by introducing both singlets and triplets, and the singlets will be only for neutrino masses, 
and the role of triplets will be purely for the Higgs mass reduction. This will be achieved by 
raising the triplet mass Mr and the corresponding soft mass mrp) two orders of magnitude 
with their ratio unchanged. 

In fact, in this model, the scale of 101? GeV or so is more fundamental, the effective 
theory below this scale is the just the SM, and the EW scale is a kind of accidental via fine 
tuning. Conventional WIMP dark matter, therefore, does not exist. However, we note that 
this high scale is close to that of the axion. The axion might be the dark matter in this 
model. Cosmological aspects of this model are under our study. 


In the near future, if experiments show that the SM is the full theory at TeV, then 
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leptonic CP violation ô will be almost the last parameter to be fixed for the elementary 
particle physics. It would be also almost the last nontrivial physical quantity to verify 
various flavor models. Where the whole flavor puzzle is the most complicated problem of 
the SM, SUSY as well as its breaking just provides a simple and also complicated enough 
framework to understand the puzzle. SUSY should have a use because of its beauty and 


powerfulness. 
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